ALTHOUGH ARTERIAL carbon dioxide tension (PaCO 2 ) has often been confirmed as a prominent factor of circulatory control in the central nervous system (CNS) since regional CBF measurements were performed, 1 " 12 the quantitative relationship between local cerebral blood flow (ICBF) and PaCO 2 is not yet clear. Within physiologic ranges of PaCO 2 , the vascular response has been described to be linear 2 "
SUMMARY Thirty six small hydrogen sensitive electrodes were inserted into the brains of 6 cats to evaluate the local vascular response to change in PaCO 2 , of cortex, subcortical white matter, and caudate nucleus. Repeated measurements (617) of local cerebral blood flow (ICBF) were performed over a period of 12 weeks. Within a PaCO 2 range from 19 to 96 mmHg the local response of CBF was linear in most of the regions measured. The absolute local CO 2 reactivity (CO2-R) showed a positive correlation to ICBF at PaCO 2 = 40 mmHg (ICBF40) with the regression line: absolute CO 2 -R = 0.02 ICBF^ + 0.22, r = 0.71 (p < 0.01). Therefore relative ICBF change was calculated in relation to ICBF40 to make comparisons between the CO 2 response of different measuring days and of different regions examined. No significant change in relative CO 2 -R was observed during the 12 weeks interval. Differences of relative CO 2 -R between investigated regions were insignificant. The uniformity of relative CO 2 response might support the hypothesis of a direct effect of PaCO 2 or pH on the vessel wall. For comparison of CBF, the individual determination of CBF40 and relative CO 2 -R would be necessary. Stroke Vol 15, No I, 1984 ALTHOUGH ARTERIAL carbon dioxide tension (PaCO 2 ) has often been confirmed as a prominent factor of circulatory control in the central nervous system (CNS) since regional CBF measurements were performed, 1 " 12 the quantitative relationship between local cerebral blood flow (ICBF) and PaCO 2 is not yet clear. Within physiologic ranges of PaCO 2 , the vascular response has been described to be linear 2 "
5 l0 " but also as an exponential function.' 8 9 n This has led to uncertainty in calculations of CBF when adjustments for changes in PaCO 2 are necessary. It is also uncertain whether CCyreactivity (CO 2 -R) in different regions of the CNS is uniform or not.
6 -7 ' 3 ' 6 Recently Meyer et al 17 stated from stable xenon-CT measurements that ICBF of both gray and white matter decreased "diffusely and homogenously throughout the brain," although they registered a 3.9% flow reduction/mmHg PaCO 2 change in occipital cortex but only a 2.6% flow reduction/mmHg PaCO 2 change in occipital white matter.
For these reasons the present study was designed to determine the quantitative response of ICBF to PaCO, change in gray and white matter as well as in the deep nuclei of the brain. The hydrogen clearance technique was chosen for lCBF-determination because this method enables direct and repeated measurements. As previous observations 18 l9 and preliminary data of this study showed, 20 the vascular reactivity is not impaired by small hydrogen sensitive electrodes. To minimize and measure any possible influence of tissue trauma, in this study the electrodes were implanted chronically and the CO 2 -R was repeatedly determined over a period of 12 weeks.
Methods
The experiments were carried out in 6 cats of either sex within the weight range of 2.4 to 3.7 kg. Anesthesia was induced with sodium pentobarbital (30 mg per kg) and maintained with 70% N 2 O-30% O 2 -gas via an endotracheal tube. The animals were paralyzed with pancuroniumbromide administered intravenously, repeated as necessary. Ventilation was maintained by a Schuler pump. Where the PaCO 2 was to be raised, this was done by adding CCygas to the input of the pump. Systemic arterial blood pressure and central venous pressure were recorded continuously via polyethylene catheters inserted into a femoral artery and vein and connected to Statham pressure transducers. PaO 2 , PaCO 2 , and pH were measured intermittently before, during and after each lCBF-determination. An electric blanket was used to maintain body temperature.
ICBF-determination
ICBF was measured at 6 sites of the cat's brain simultaneously by means of the hydrogen clearance method. 21 The measuring circuit consists of 6 epoxy and glass insulated platinum wire electrodes with a bared conical tip of 0.3 mm length and 0.2 mm diameter, a subcutaneous AgAgCl reference, six separate amplifiers (Nanoamperemeter Knick) and an eightchannel pen recorder (Rikadenki). The electrodes were introduced stereotactically after fixation of the animal's head in a stereotactic apparatus (David-KopfInstruments). Stereotactic placements were calculated from the atlases of Reinoso-Suarez. 22 The electrodes were inserted into cortex, subcortical white matter and caudate nucleus of each hemisphere and fixed to the skull by dental cement. Great care was taken to avoid any bleeding into the subarachnoidal space. ICBF measurements were carried out on 4 experimental days 2 to 3 hours after surgery, one week, four weeks and 12 weeks later. Postoperatively and between the days of ICBF determination the animals were housed in cages and closely observed. Routinely they were given Ampicillin (40 mg per kg) daily for three days to prevent infection.
Hydrogen gas was administered via the input of the ventilation pump so that the hydrogen concentration of the inhaled gases was 5-10% and the O 2 concentration was not altered. In each measurement hydrogen was allowed to come to a saturation equilibrium during an inhalation time of 15 to 20 min.lCBF was calculated from the clearance curve using the height-over-area formula of Zierler. 23 The partition coefficient for hydrogen has only been determined in kidney tissue where it is close to unity. 21 Therefore it is assumed to be 1 from brain. 14 At the end of the study the brains were carefully sectioned to confirm the electrode's position and to observe any tissue alterations.
Data Analysis
On each of the four experimental days ICBF measurements were repeated 3 to 7 times so that a regression line could be fitted to the raw data of each of the 6 Relative CO 2 -R was defined as percent ICBF change divided by the PaCO 2 difference from 40 mmHg.
The data were analyzed by paired t tests and the 0.05 level was accepted as significant.
Results
The condition of 617 ICBF determinations are given in table 1. The postmortem brain examination revealed that in two cats the caudate nucleus electrodes did not reach the desired region and were localized in white matter. To examine the relationship between lCBF^ and absolute CO 2 -R the values of lCBF^ and absolute CO 2 -R obtained from the regression analysis of all days were averaged for each electrode and plotted against each other ( fig. 1 ). As figure 1 shows, absolute CO 2 -R increases with increasing lCBF^. With a correlation coefficient of 0.71 the relationship is considered to be linear (p < 0.01). Figure 2 shows the linear relationship between percent lCBF-change (lCBF^ = 100%) and PaCO 2 after different periods of electrode implantation from 2 to 3 hours until 12 weeks. To compare the individual relative CO 2 -R data from the cat which was followed only for 4 weeks were rejected. The mean relative CO 2 -R of all measuring points in 5 cats was 2.33 ± 1.33 %/ mmHg 2 to 3 hours after surgery, 2.79 ± 0.76 %/ mmHg after one week, 2.77 ± 1.38 %/mmHg after 4 weeks and 2.61 ± 1.57 %/mmHg after 12 weeks. The slight increase of relative CO 2 -R during the first week was not significant (p > 0.05). No significant change was registered over the 12 week period. Figure 3 shows the linear relationship between percent lCBF-change (lCBF^ = 100%) and PaCO 2 in cortex, caudate nucleus, and white matter. The mean relative CO 2 -R was 2.37 ± 1.70 %/mmHg in cortex, 2.17 ± 1.30 %/mmHg in caudate nucleus, and 2.64 ± 1.08 %/mmHg in white matter. No significant differences were found between cortex and caudate nu- cleus (p > 0.2), cortex and white matter (p > 0.8), or between caudate nucleus and white matter (p > 0.6).
Discussion
This paper presents long term observation of local vascular responses to altered arterial carbon dioxide tension. Before proceeding to the results the method of 1CBF determination used requires discussion. It should be critically examined whether or not vascular reactivity is impaired by technical problems due to chronically implanted electrodes or by tissue alterations in the vicinity of the electrode's tip. Also the possible influence of anesthesia on CO 2 -R must be considered. Few studies are available concerning the influence of chronic electrode implantation on vascular reactivity. It has been shown that hydrogen electrodes function normally some weeks 24 
"
27 and even 30 months 28 after implantation. CO 2 -R was observed directly after electrode implantation 15 l8 and until 2 weeks later. 23 -27 In one goat a gradual decrease in flow was reported over five weeks. 26 No significant change in the flow rates was registered in rats over a six-week implantation period. 24 Preliminary data of this study showed that autoregulatory capacity is not impaired during the implantation period of 12 weeks, but 1CBF decreases significantly in some of the examined regions during the first week after implantation. 20 The present investigation does not detect a significant alteration of the relative CO 2 -R during the observation time of 12 weeks but cannot exclude the possibility that in all measurements performed the CO 2 -R might be blunted by anesthesia and/or by the applied technique. Con- cerning the quantity of relative CO 2 -R only little comparable data is available from the literature. In the brain," as well as in the spinal cord 10 of dogs, 100% increase in blood flow was found when PaCO 2 was changed from 40 to 80 mmHg, which means a relative CO 2 -R of 2.5 %/mmHg. This is in very good agreement with the results of this report, which seems remarkable with respect to the different species and methods of CBF determination.
Thus, it can be stated that early measurements after electrode implantation might produce unstable ICBF data, but vascular reactivity is not influenced by the hydrogen clearance technique if small electrodes are used.
The various methods and equations which have been used to describe the PaCO 2 -CBF-relationship are listed in table 3. Within the interval 20 to 80 mmHg a linear correlation was found when CBF-change was expressed in percent of CBF^. 4 and also linearity 2 3 -" were described. These findings are not contradictory if the methods of each investigation are considered. In the studies cited here the slope of the CBF-PaCO 2 -correlation was calculated from mean CBF values of different animals or humans. This, however, must lead to different results, if absolute CO 2 -R does depend on individual CBF which is indicated by the present study. An exponential function of the CBF-PaCO 2 -relationship would then be obtained by the variability of individual CBF and linearity could be due to a homogenous CBF in the studied subjects or to a small CO 2 -interval. 3 Thus, to compare CO 2 -R interindividually or interregionally CBF-change should be expressed in percent of a definite CBF value, e.g. CBF^.
Observations of the local vascular reactivity in subcortical structures are rare and contradictory 7 -13~17 -w -M apparently due to the difficulties in quantification of C0 2 -responses and/or to methodical problems. Calculating ICBF from the two-compartmental model of isotope clearance CO 2 -R of white and gray matter cannot be independently assessed owing to a shift in the fast clearing compartments at low flow rates. 16 Using the hydrogen clearance method Symon et al 15 found a percent CO 2 -R reactivity of 2.02%/ mmHg in the putamen, 2.31 %/mmHg in cortex and 3.44 %/mmHg in white matter and revealed no significant differences between gray and white matter. These values are not strictly comparable to the present results because they were related to "basal flow" and not to
In the caudate nucleus of 6 cats CO 2 -R was tested by Fieschi and his colleagues. 18 The absolute CO 2 -R calculated from their data shows a considerable variation between 1.85 and 7.47 ml/100 g per min/mmHg. It must be considered, however, that these absolute CO 2 -R values base on two CBF determinations at different PaCO 2 only, which might give unstable results. Flohr et al 7 studied the CO 2 -R in various parts of the cat's CNS by means of the 131-I-albumin method. They found considerable differences in absolute CO 2 -R. Re- calculation of their data reveals a rather uniform relative CO 2 -R between 2.47 and 3.72 %/mmHg. Thus, in agreement with former studies, the present results confirm that relative CO 2 response is not different in various regions of the CNS. This would seem to support the hypothesis that the CO 2 response is due to a direct effect of PaCO 2 or local tissue pH on arterial blood vessels of the brain and the spinal cord 31 32 and not mediated through brain stem structures, 33 because identical control of all vasocompartments of the CNS by one center is hardly possible.
The described uniformity of relative CO 2 -R means that absolute C0 2 -responses are greater in better perfused areas, e.g. in gray matter than in white. Thus, different opinions whether or not CO 2 -R is different in various brain regions might be due to different methods of CO 2 -R calculation.
It would be of great interest if recalculation of the CBF-PaCO 2 -relationship in the extensive literature published until now could show that relative CO 2 -R is about 2.5 %/mmHg also in the conscious man.
In conclusion, this report stresses the importance of determinating CO 2 -R in relation to a definite CBF value, e.g. CBF^ to avoid confusion. A valid comparison of blood flow in different individuals and interregionally cannot be effected until the individual CBF^ has been determined by repeated CBF measurements under different PaCO 2 .
